**To the Editor,**

The brainstem encompasses the midbrain, pons, and medulla. Brainstem gliomas arise at any age, but most frequently occur during childhood. In children, brainstem gliomas constitute approximately 10--20% of the malignancies affecting the central nervous system (CNS) \[[@CIT0001]\], and the average age at diagnosis is 7--9 years with no gender predilection \[[@CIT0002],[@CIT0003]\]. There are approximately 150--300 new cases diagnosed in USA annually \[[@CIT0002]\]. The diagnosis of brainstem glioma includes a histopathologically diverse number of tumor types, which makes it difficult to assign an overall prognosis \[[@CIT0004]\]. Similar to tumors in other CNS sites, however, low-grade brainstem gliomas are curable with current treatment modalities, whereas high-grade gliomas are often fatal despite aggressive treatment \[[@CIT0005]\].

Of those children diagnosed with brainstem gliomas, approximately 20% are low-grade gliomas \[[@CIT0002],[@CIT0003]\]. There is variability with regard to the resectability of these tumors; however, in general, complete resection is often impossible \[[@CIT0002],[@CIT0003],[@CIT0006; @CIT0007; @CIT0008]\]. External-beam radiation therapy is an accepted and effective treatment modality for patients with unresectable low-grade brainstem gliomas \[[@CIT0001],[@CIT0005; @CIT0006; @CIT0007; @CIT0008]\]. When determining the therapeutic ratio, the risks of radiation therapy must be considered along with the potential benefits \[[@CIT0009]\]. As the best 10-year survival rates mandate a relatively high radiation dose deposited in radiosensitive tissue, children treated for brainstem gliomas with radiation therapy are subject to a number of late sequelae, including hearing loss, neuroendocrine deficits, chronic otitis media, neurocognitive dysfunction, and the development of secondary malignancies \[[@CIT0009]\].

There are few contemporary studies in the literature directly addressing the treatment of low-grade pediatric brainstem gliomas. In general, to minimize the risk of late effects in pediatric patients treated with radiation, investigators have historically sought to attenuate the dose to non-target, healthy tissues. For treatment of low-grade brainstem gliomas, recent studies have sought to investigate the role of gamma knife surgery to reduce dose to non-target tissue \[[@CIT0010]\] and therapies of increased conformality, such as photon-based intensity-modulated radiation therapy (IMRT) and proton therapy \[[@CIT0011]\]. Technology facilitating the delivery of highly conformal radiation therapy, such as IMRT and proton therapy, may allow for better sparing of non-target tissues. In this study, we sought to investigate the relative dosimetric features of photon IMRT and proton therapy in the treatment of low-grade brainstem gliomas in order to assess their potential value in reducing late toxicity.

Material and methods {#ss1}
====================

Following approval of our institutional review board, three pediatric patients with biopsy-proven low-grade brainstem gliomas were chosen from our institution\'s treatment planning database. The patients selected were diagnosed with gliomas located in varying positions within the brainstem, from the rostral to the caudal brainstem, to roughly correspond to the midbrain, pons, and medulla. Head and cervical spinal cord computed tomography (CT) and magnetic resonance imaging (MRI) images were imported into the Eclipse^TM^ Proton Planning (Varian Medical Systems, Palo Alto, CA, USA) treatment planning system (TPS). Image fusions between the CT and MRI image sets were performed using a mutual information-based technique. For patients 1 and 2, the CT and MRI slice thickness was 1.5 mm. For patient 3, the CT slice thickness was 3 mm and MRI slice thickness was 7.5 mm. The gross tumor volume (GTV), clinical target volume (CTV), and organs-at-risk (OARs) were contoured on each MRI dataset for each patient and then transferred onto the fused CT images. The GTV was the tumor volume defined on contrast-enhanced T1 and T2 MRI sequences. The CTV was an anatomically constrained 10-mm expansion of the GTV, customized to include suspicious edema. The planning target volume (PTV) was a 3-mm uniform expansion from the CTV, consistent with institutional protocol when daily image guidance is utilized. The proton therapy treatment plans were generated in the Eclipse^TM^ TPS. The CT datasets and original identical contours were then exported into the Pinnacle^TM^ TPS (Philips Electronics, Andover, MA, USA) for IMRT planning.

At our institution, both proton therapy and IMRT treatment plans for all pediatric CNS and base of skull tumors are evaluated using an institutional pediatric CNS dosimetry checklist. This checklist is the basis for an algorithm under which OAR tolerances are grouped into three levels. Level 1 (highest priority) includes the cervical spinal cord, optic chiasm, brainstem surface, and brainstem core. Level 2 (intermediate priority level) includes the bilateral retinae, optical nerves, cochleae, bilateral temporal lobes, hypothalamus, and pituitary gland. Level 3 (lower priority level) includes the hippocampi, bilateral lacrimal glands, posterior nasopharynx, bilateral mastoid air cells, scalp, supratentorial brain, and non-target whole brain. The sparing of higher-priority organs is emphasized through iterative treatment planning.

In proton treatment planning, for each field, target distal and proximal margins are based on the CTV and the aperture margin is based on the PTV. The actual size of the distal, proximal, and aperture margins for each beam depend on each field range and beam path heterogeneity. This is consistent with previous publications \[[@CIT0012]\] and ICRU guidelines \[[@CIT0013]\]. The target-smearing margin was set at 5 mm uniformly to account for setup uncertainty. The target coverage was normalized such that 99% of the CTV received 100% of the prescribed dose. The relative dose to 95% of the PTV was at least 96% in all three patients for both plans ([Supplementary Tables I--III](#s1){ref-type="supplementary-material"} available online at <http://www.informahealthcare.com/doi/abs/10.3109/0284186X.2013.767474>), available online at <http://www.informahealthcare.com>). Three non-coplanar beams were used to optimize target coverage as well as spare OARs for each of the proton plans. For IMRT treatment planning, 6-MV photon beams were used for all of the patients. The plans were optimized to cover the PTV and spare the OARs according to the same institutional guidelines. For patients 1 and 2, 11 non-coplanar beams were used in the IMRT plans and for patient 3, with the caudal brainstem tumor, nine coplanar beams were used. The dose-volume histograms (DVH) were exported from both TPSs and analyzed to assess plan quality. Furthermore, integral dose (excluding dose to the CTV) for each treatment plan was also calculated to compare total energy deposition from treatment in each patient.

Statistical analyses were not appropriate due to the nature of the study and the limited utility of p-values when comparing dose levels. Instead, clinical significance was attributed based on organ site and dose range in accordance with QUANTEC data when available and supplemented by institutional dose-tolerance guidelines.

Results {#ss2}
=======

Target coverage goals were met in all three cases. The brainstem glioma subsites of the patients included in our study are shown ([Figure 1](#F1){ref-type="fig"}) for reference as well as to demonstrate spatial relationships with the surrounding non-target tissues. The color-wash dose distributions for both the IMRT and proton therapy treatment plans are shown in [Figure 2](#F2){ref-type="fig"}. Although the majority of healthy tissue received considerably less dose with proton therapy, doses to most of the OARs (including the cochlea) were well below acceptable institutional thresholds for both the IMRT and proton therapy plans. ([Supplementary Tables I--III](#s1){ref-type="supplementary-material"} available online at <http://www.informahealthcare.com/doi/abs/10.3109/0284186X.2013.767474>) show the dosimetric data for organs with a clinically relevant difference in dose between the two plans. In all three patients, the IMRT plans were more heterogeneous, where larger areas received ≥ 105% of the dose. The IMRT plans also uniformly involved more than double the integral radiation dose to non-tumor normal tissue. Otherwise, the specific organs spared and the magnitude of dose difference was dependent on the general location of the tumor within the brainstem.

![Coronal sections of patients 1--3 (from left to right) representing brainstem glioma location within brainstem with GTV outlined (red).](ONC-52-594-g001){#F1}

![(A) Patient 1 axial (top) and coronal, sagittal (bottom) isodose distribution. (B) Patient 2 axial (top) and coronal, sagittal (bottom) isodose distribution. (C) Patient 3 axial (top) and coronal, sagittal (bottom) isodose distribution.](ONC-52-594-g002){#F2}

Patient 1 had a low-grade glioma of the rostral brainstem with a volume of 34 cm^3^. The heterogeneity of both plans was permissible. [Supplementary Tables I](#s1){ref-type="supplementary-material"} (available online at <http://www.informahealthcare.com/doi/abs/10.3109/0284186X.2013.767474>) lists those organs with differences in normal-tissue doses between the two plans: notably the mean dose to the pituitary as well as right and left temporal lobes were observed to be significantly different between the proton and IMRT photon plans.

Patient 2 had a 44-cm^3^ low-grade glioma in a mid cranio-caudal location within the brainstem ([Supplementary Tables II](#s1){ref-type="supplementary-material"} available online at <http://www.informahealthcare.com/doi/abs/10.3109/0284186X.2013.767474>). Clinically significant differences were observed in dose deposited to the pituitary, hypothalamus, supratentorial brain, left and right temporal lobes, right hippocampal head and tail, and posterior nasopharynx as well as the total integral dose ([Supplementary Tables II](#s1){ref-type="supplementary-material"} available online at <http://www.informahealthcare.com/doi/abs/10.3109/0284186X.2013.767474>).

The dosimetric data from patient 3 with the 40-cm^3^ caudal brainstem tumor demonstrated less significant differences between plans ([Supplementary Tables III](#s1){ref-type="supplementary-material"} available online at <http://www.informahealthcare.com/doi/abs/10.3109/0284186X.2013.767474>). The main tissue with a potentially significant dose difference was the posterior nasopharynx. The mean dose to the posterior nasopharynx was 29.5 Gy with the IMRT plan and 6.7 CGE with the proton plan. The mean dose to the parotids was \> 15 Gy with the IMRT plan and \< 1.5 CGE with the proton plan.

Discussion {#ss3}
==========

Brainstem gliomas comprise a significant proportion (20%) of all brain tumors affecting pediatric patients and are classified according to grade \[[@CIT0014]\]. Although recent advances in imaging and neurophysiological monitoring have led to an increase in the use of surgical intervention, the location of many brainstem tumors limits the possibility of complete surgical resection \[[@CIT0015]\]. Radiation therapy thus remains the mainstay of treatment in this group \[[@CIT0005],[@CIT0007],[@CIT0008],[@CIT0015]\]. Although patients with low-grade brainstem gliomas are frequently cured with definitive radiotherapy, the high radiation dose can cause permanent late side effects and complications \[[@CIT0002],[@CIT0009]\]. The risks of chronic morbidity and the development of secondary malignancies are of primary concern in any pediatric patient where a long life expectancy is common \[[@CIT0009]\]. Most notably, pediatric patients may experience neuroendocrine dysfunction, sensorineural hearing loss, neurocognitive deficits, and chronic otitis media. In our study, we sought to investigate the role of highly conformal radiation therapy (IMRT and proton therapy) in the reduction of dose to non-target tissue as an indicator of risk for developing late effects. We found that for all patients included in our study, the high conformality of IMRT and proton therapy may be leveraged to spare the cochlea bilaterally without compromising target coverage. Depending on the brainstem region, proton therapy further demonstrated the potential to reduce dose and thereby possibly lower the risk of chronic otitis media, neurocognitive deficits, neuroendocrine dysfunction, and radiation-induced second malignancies in patients who will become long-term survivors.

The most common pituitary and hypothalamic abnormalities observed after irradiation are growth hormone deficits. It has been demonstrated that 1--3 days after a 3-week course of cranial radiation therapy to 24 Gy, growth hormone levels were lower both at hourly intervals and peak concentrations when compared to pretreatment levels \[[@CIT0003],[@CIT0016]\]. Various subsequent studies confirm this relationship with similar findings, and indicate that the threshold dose for injury may be as low as 5 Gy to the hypothalamus \[[@CIT0017; @CIT0018; @CIT0019]\]. Growth hormone deficits caused by radiation are permanent \[[@CIT0003],[@CIT0016]\] and exogenous growth hormone-replacement therapy is expensive. Our study indicates that patients with rostral or middle brainstem tumors would receive less non-target dose and possibly fewer late effects, thus avoiding the need for growth hormone therapy when treated with proton therapy instead of photon-based radiotherapy.

Another late effect of radiation therapy in pediatric patients is sensorineural hearing loss. The cochleae have a low threshold for irradiation and are often damaged in pediatric patients treated for brainstem gliomas \[[@CIT0020]\]. Our data suggest that both IMRT and proton therapy can spare sufficient volumes of the cochlea and, in this regard, proton therapy may not provide a clinically relevant superior dose profile. Otitis media with effusion and otomastoid opacification, however, have been shown in the literature to be common sequelae of radiation therapy to the posterior nasopharynx, negatively impacting hearing outcomes independent of cochlear dose \[[@CIT0021],[@CIT0022]\]. In a multivariate analysis, Walker et al. demonstrated that mean doses of \> 30 Gy to the posterior nasopharynx were associated with grade 2--3 effusions and otomastoid opacification \[[@CIT0021]\]. In our study, two of three patients received doses of approximately 30 Gy or greater with the IMRT plans. The proton plans consistently kept the posterior nasopharynx dose below this threshold, which would suggest a low likelihood of chronic otitis media and secondary hearing loss.

Irradiated children who become long-term survivors of brainstem gliomas may also experience a decline in neurocognitive function, resulting in an overall decreased intelligence quotient (IQ) with subsequent academic difficulties \[[@CIT0023]\]. Variables found to be particularly predictive of the degree of neurocognitive decline post-radiation were age at diagnosis and extent of radiation received \[[@CIT0023]\]. Patients younger than three years of age show the greatest degree of post-radiation impairment, as the immature brain is thought to be more sensitive to developing detriments from ionizing radiation \[[@CIT0023]\]. This finding is true even for moderate doses: A retrospective Pediatric Oncology Group study assessing cognitive function after radiation therapy for medulloblastoma found that patients randomly assigned to receive a reduced dose of craniospinal irradiation (CSI) (23.4 Gy), and those who were older at the time of diagnosis (\> 8.8 years old), demonstrated higher cognitive functioning than patients randomly assigned to receive standard-dose CSI (36 Gy) and those who were younger \[[@CIT0023]\]. There is also evidence from the Childhood Cancer Survivorship Study (CCSS) data to suggest that there are lower rates of employment, education, and marriage associated with radiotherapy doses greater than 50 Gy to the temporal and frontal lobes \[[@CIT0024]\]. These deficits were independent of the dose received by the posterior fossa or parietal-occipital lobe regions. Our data would suggest that the differences in dose deposited to the temporal lobes in two of the three patients in this study might translate into fewer late neurocognitive deficits and possibly better social adjustment \[[@CIT0025],[@CIT0026]\].

Late secondary malignancies are also of concern when treating pediatric patients with irradiation. Young children treated for CNS tumors are at a particularly high risk for developing secondary malignancies \[[@CIT0027]\]. Many of these risks are underreported and underappreciated because secondary malignancies primarily manifest decades following treatment. A recent study of 370 pediatric patients treated at the University of Florida Proton Institute demonstrated that actuarial incidences of secondary malignancies after photon-based radiotherapy to the CNS were 8% and 24% at 20 and 30 years of follow-up, respectively \[[@CIT0027]\]. Quantification of the integral doses in our study demonstrate a significant (\> 50% lower) difference between the proton and IMRT plans in all three patients, these findings may suggests that the risk of a secondary malignancy would be reduced with proton therapy. Even patients with tumors in the cervico-medullary region, such as patient 3, where the parotid glands are the only sites where appreciable differences are demonstrated between the two planning approaches, receive a notably reduced integral dose with proton therapy.

In long-term survivors of pediatric CNS tumors, the frequency and severity of irreversible complications following radiation have prompted investigations into how to improve target conformality. There is a growing body of evidence to suggest that proton therapy can improve low- and moderate-dose conformation when compared to standard or 3D conformal therapy, and that patients might experience less late complications as a result. Our current study suggests that, specifically in patients with low-grade brainstem tumors, reducing the dose deposited to the surrounding uninvolved tissues may reduce late sequlae and that proton therapy represents an effective modality for reducing the dose deposition to non-target tissues. Moreover, the magnitude and type of benefit may be predicted based on the brainstem subsite.

This study presents dosimetric data necessary for the development of clinical studies and prospective trials to address the optimization of treatment for low-grade pediatric brainstem gliomas in order to reduce late effects. While limited by the inclusion of few patients and the dosimetric nature of the study, here we provide quantifiable evidence of the utility of technologies with increased conformality in the treatment of low-grade brainstem gliomas. These data may also be utilized to inform patient prioritization, a critical issue given the relatively few proton therapy allotments currently allocated to pediatric patients.
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